ABSTRACT: Growth hormone (GH) deficiency in children causes severe growth retardation, vitamin D deficiency, and osteopenia. We investigated whether alfacalcidol (1OHD) alone or in combination with GH can improve bone formation. Forty hypophysectomized female rats (HX) at the age of 8 wk were divided into HX, HX ϩ 1OHD (oral 0.25 g/kg daily), HXϩGH (0.666 mg/0.2 mL SC daily) and HXϩGH ϩ 1OHD groups for a 4-wk study. Results showed that GH increased body weight, bone area, bone mineral content (BMC), and bone mineral density (BMD), whereas 1OHD only increased BMC and BMD. In cortical bone, GH increased both periosteal and endocortical bone formation resulting in a significant increase in cortical size and area in percentage, whereas 1OHD suppressed endocortical erosion surface per bone surface (ES/BS) without a significant effect on bone formation rate per bone surface (BFR/ BS). In trabecular bone, GH mitigated the bone loss by increasing BFR/BS, whereas the 1OHD effect was by suppression of trabecular bone turnover in the HX rats. The combination of GH and 1OHD had no additive effect on increasing trabecular bone mass. In conclusion, GH activates new bone formation and increases bone turnover whereas 1OHD suppresses bone turnover. The combination intervention does not seem to provide any additive benefit. (Pediatr Res 65: 403-408, 2009) T he main reason to treat children suffering from growth hormone (GH) deficiency with recombinant human GH is to stimulate the longitudinal skeletal growth. The treatment with GH leads to the normalization of height in majority of these patients, and when the patients have attained adult height GH therapy is terminated. Previous studies demonstrate that GH treatment alone is unable to fully restore the bone mass and density to normal levels. This result has been demonstrated in the studies of human and hyphophysectomized animal model (1-3). GH has a direct, and an indirect effect on the bone and cartilage development. It has been known for over a decade, that GH induces IGF-I gene transcription in vivo quite rapidly, leading to the sustained production of IGF-I mRNAs and protein. IGF-I in turn stimulates the proliferation of the chondrocytes, resulting in the bone growth. GH directly enhances the proliferation of osteoblasts and increases the new bone formation and also stimulates differentiation of the chondrocytes (4 -6).
T he main reason to treat children suffering from growth hormone (GH) deficiency with recombinant human GH is to stimulate the longitudinal skeletal growth. The treatment with GH leads to the normalization of height in majority of these patients, and when the patients have attained adult height GH therapy is terminated. Previous studies demonstrate that GH treatment alone is unable to fully restore the bone mass and density to normal levels. This result has been demonstrated in the studies of human and hyphophysectomized animal model (1) (2) (3) . GH has a direct, and an indirect effect on the bone and cartilage development. It has been known for over a decade, that GH induces IGF-I gene transcription in vivo quite rapidly, leading to the sustained production of IGF-I mRNAs and protein. IGF-I in turn stimulates the proliferation of the chondrocytes, resulting in the bone growth. GH directly enhances the proliferation of osteoblasts and increases the new bone formation and also stimulates differentiation of the chondrocytes (4 -6).
The biologically active form of vitamin D, called calcitriol, is formed in the mitochondria of the renal tubules by the action of the enzyme 1 ␣ hydroxylase on 25-hydroxy cholecalciferol. The 1-␣-hydroxylase activity in the kidney is tightly regulated. The major inducers of this enzyme are PTH, hypophosphatemia, and other anabolic hormones. GH also stimulates 1-␣-hydroxylase enzyme and increases the calcitriol level (7) (8) (9) . In children with GH deficiency or panhypopituitarism, however, there is a latent deficiency of the active vitamin D (10 -12) .
Calcitriol directly stimulates osteoblast, osteoclast, and chondrocyte. A vitamin D receptor is present in osteoblast, osteoclast precursors, and has most recently been identified in mature osteoclast. It is also involved in osteoblast differentiation and increases the syntheses of collagen type I and matrix proteins like osteocalcin and osteopontin, which are important for mineralization, functioning, and metabolism of bone tissue. Calcitriol is also a potent stimulator of osteoclastic bone resorption. The function includes stimulating differentiation and fusion of osteoclast progenitors and activating mature preformed osteoclast (13) (14) (15) .
1OHD is an analog of the calcitriol. It does not require renal hydroxylation but requires 25-hydroxylation in the liver for its conversion to calcitriol. It has been widely used in the treatment of a variety of metabolic bone diseases, including renal osteodystrophy, rickets/osteomalacia, and osteoporosis (16 -17) . 1OHD induces an active absorption of calcium and phosphate. It also improves the mineralization of the bones and facilitates a normal neuromuscular functioning. There is some evidence of the anabolic effect of this metabolite on the skeleton (18 -21) . 1OHD increases the synthesis of IGF-2, transforming growth factor ␤ (TGF-␤) in osteoblast-like cells (22) and the number of IGF-1 receptors. Hence, by increasing IGF-1 receptors, the action of GH on the bone is enhanced (23, 24) . Because GH and 1OHD have widely divergent effects on bone formation, the concurrent use of these two agents is likely to have substantial effects on the bone metabolism.
In young rats, HX results not only in the cessation of growth-dependent increase in new bone formation, but also in a loss of bone volume. Previously, we reported histologic evidence that the administration of GH can prevent cortical bone loss; but only partially prevents trabecular bone loss in the tibias of HX rats (25, 26) . It is important to investigate other agents that in combination with GH will have a more beneficial effect on the cortical as well as trabecular bone in young HX rats. Many groups have used GH in combination with other anabolic or antiresorptive agents such as estrogen, PTH, and testosterone, but have failed to show adequate improvement in the trabecular bone (27) (28) (29) (30) (31) .
Previous studies have demonstrated that GH improves bone formation (3) . Studies have also shown that 1OHD improves bone formation and prevents bone loss (18 -21) . The combination of GH and 1OHD should, therefore, be helpful in restoring the trabecular bone loss. The purpose of this study is to investigate the effect of 1OHD alone, and in combination with the growth hormone, on cortical and trabecular bone in young HX rats.
MATERIALS AND METHODS

Treatment of animals.
Forty female Sprague-Dawley rats were HX at 6 wk of age by the supplier (Hilltop lab Animals, Scott dale, PA) and shipped along with 10 intact rats to serve as the age-matched control group (intact). HX rats were assigned into four groups of 10 animals each by the stratified weight randomization method: HX, HX ϩ 1OHD, HXϩGH, and HXϩGH ϩ 1OHD groups. 1OHD (Sigma Chemical Chemicals, St. Louis, MO) was dissolved in ethanol and diluted in 1,2 propanediol vehicle to the concentration of 0.25 g/kg of body weight in 0.1 mL volume and was administered orally five times a week. Recombinant Human GH was provided by NovoNordisk (Denmark) in a preprepared concentration of 5 mg/1.5 mL for the standard for subcutaneous (s.c.) administration at a dose of 3.33 mg/kg per day, five days per week.
Throughout the experiment, all HX rats were supplemented daily with hydrocortisone in the form of sodium succinate (1 mg/kg BW) and thyroxine at 0.02 mg/kg, s.c. They were also given 3% sucrose water ad libitum to maintain their blood glucose levels whereas all pituitary-intact rats were given normal tap water ad libitum. All animals were housed under local vivarium conditions (temperature 23.8°C and 12 h on/off light cycle), and allowed free access to a standard pelleted chow diet, which contained 0.93% calcium, 0.65% phosphorus, and 3 IU/g vitamin D 3 (Robert Laboratory chow 5001, Ralston Purina, Madison, WI). The body weight of the animals was measured weekly. The duration of experiment was 4 wk. The success of HX surgery was confirmed at the end of the study by observing failure to gain body weight, uterine weight, and a significant reduction in longitudinal growth rate (LGR) of the proximal tibial metaphysis using histomorphometric analysis.
This study was carried out at Winthrop University Hospital (Mineola, NY) and the animals were handled according to the guidelines for care in the use of laboratory animals by National Institutes of Health (National Institutes of Health). The Laboratory Animal Care Committee of Winthrop University Hospital had approved the experiment and protocol.
Preparation of the specimens. Each rat was labeled with calcein at a dose of 10 mg/kg (Sigma Chemical Chemicals, St. Louis, MO) intramuscularly on the 19th and 26th day of the experiment. The animals were anesthetized with intra peritoneal injection of ketamine (80 mg/kg) and xylazine (12 mg/kg) and were euthanized by exsanguination. Both femur and tibia were isolated and preserved. The femur was used for the measurement of bone length, bone area, BMC, and bone mineral density (BMD) by dual energy x-ray absorptiometry using a Hologic QDR-4500A with Delphi upgrade (Hologic, Bedford, MA). The instrument was set in ultra resolution mode, with a line spacing of 0.0254 cm, resolution of 0.0127 cm, and collimation of 0.9 cm diameter. The BMC and bone area were measured and BMD was calculated as BMC divided by the bone area. The coefficient of variation of these measurements was less than 1% at our laboratory.
The tibia was used for static and dynamic bone histomorphometric analyses. The proximal tibial metaphysis and diaphysis with the tibia-fibular junction were cut and stained with Villanueva Osteochrome Bone Stain (Polyscience, Warrington, PA) for 5 d. Then the specimens were dehydrated and embedded in methyl methacrylate (EM Science, Gibbstown, NJ).
Cross-sections of the tibial diaphysis just proximal to the tibia-fibular junction were sectioned at 8-m thickness and frontal sections of the proximal tibial metaphysis were sectioned at 5-m thickness using a microtome (Leica RM2155; Leica, Nussloch, Germany) for static and dynamic histomorphometric analyses.
Bone histomorphometric analysis of the tibia. A digitizing morphometric system (OsteoMetrics, Atlanta, GA) was used to measure bone histomorphometric parameters. The following parameters of trabecular bone were measured: total tissue volume (TV), bone volume (BV), bone surface (BS), erosion surface (ES), and single-and double-labeled surface and interlabel width. This data were used to calculate the percent trabecular bone volume (BV/TV), ES/BS, mineralizing surface per bone surface (MS/BS), mineral apposition rate (MAR), bone formation rate (BFR)/BS, in accordance with the standard nomenclature proposed by Parfitt et al. (32) . In this study, the region of trabecular bone measured in the HX rats without GH treatment was 0.5-3.5 mm distal to the lower margin of the growth plate in the proximal tibial metaphysis, whereas in the HX rats with GH treatment and intact group was calculated to be 1-4 mm distal to the lower margin of growth plate and consists of secondary spongiosa. In addition to the measurement of the above parameters, interlabel width beneath the growth plate was used to calculate the LGR per day. One of the frontal sections of each proximal tibial metaphysis was stained using Goldner Trichrome method to measure the osteoclast cell number, bone area, and bone surface. These data were used to calculate osteoclast cell number per bone area (#/mm 2 ). The adjacent section of each proximal tibial metaphysis was stained using Von Kossa method for photomicrograph.
The measured parameters for cortical bone were the total tissue area, cortical bone area, periosteal and endocortical BS and MS, interlabel width, and endocortical ES. These data were used to calculate cortical area in percentage, and periosteal and endocortical MS/BS, MAR, BFR/BS, and ES/BS.
Statistical analysis. All the data were expressed as means with SD. Multiple comparisons of data among the groups were performed by ANOVA with the Tukey-Kramer test. All statistical analyses were performed using Prism-5.0 program on a Hewlett Packard computer. A significance level of p Ͻ 0.05 was used for all the comparisons.
RESULTS
Although the intact young animals were growing during the experimental period, HX resulted in a cessation of weight gain, tibial LGR, bone lengthening, bone size in area, a decrease in femoral BMC and BMD, and an atrophy of the uterine in weight (Table 1) . GH administration resulted in a significant increase in body weight, tibial LGR, femoral bone length, and bone area, except uterine weight, to the levels not significantly different from those of the age-matched intact group. Although the BMC and BMD of the GH-treated groups increased compared with the HX group, the levels were still lower than those of the intact group. 1OHD administration resulted in no significant effect on weight gain, uterine weight, bone growth, bone length, or the cross sectional bone area compared with HX rats. However, the BMC and BMD were improved by 1OHD administration compared with the HX group. The levels were still lower than the intact control group. The combined intervention of GH and 1OHD in the HX rats did not result in any further improvement of the BMC or BMD when compared with the individual intervention. Table 2 shows the results of static and dynamic histomorphometry of trabecular bone in the proximal tibial metaphysis. HX resulted in a significant decrease in the trabecular BV/TV and trabecular number, but an increase in the separation and osteoclast number per bone area compared with the intact group. Although, 1OHD, GH, or the 1OHD ϩ GH treatment, respectively, resulted in a significant increase in the BV/TV and a decrease in the separation compared with the HX group, none of the levels reach to those of the intact group. 1OHD treatment resulted in a significant decrease in the MS/BS, BFR/BS, and the osteoclast number, whereas GH treatment resulted in a significant increase in the MAR, MS/BS, and BFR/BS compared with the HX group. The result of 1OHD ϩ GH treatment shows that the BFR/BS was higher than 1OHD group, but lower than the GH group, and osteoclast number was lower than the HX group.
Although the tibial cross-sectional total bone area (cm 2 ) of the HX was significantly lower than those of the intact rats (data not shown), the decrease in cortical area % was not statistically significant (Table 3) . Administration of 1OHD alone to the HX rats did not increase cortical area % significantly. GH administration to the HX rats with and without 1OHD resulted in a significant increase in cortical area %.
Dynamic histomorphometry shows that HX resulted in a cessation of the periosteal MAR, MS/BS, BFR/BS, and an increase in the endocortical ES/BS compared with the intact group. Compared with the HX group, 1OHD had no significant effect on the periosteal or endocortical bone formation parameters, but a suppression of the endocortical ES/BS and GH increased both periosteal and endocortical MAR, MS/BS, BFR/BS without a significant effect on endocortical ES/BS. The combined intervention of 1OHD ϩ GH did not result in any further increase in periosteal BFR/BS, but did result in a decrease in the endocortical BFR/BS and ES/BS compared with the HX ϩ GH group. Figure 1 is a photomicrograph of proximal tibial metaphysis showing the growth plate, primary and secondary spongiosa in intact, HX, HX ϩ GH, HX ϩ 1OHD, and HX ϩ GH ϩ 1OHD rats from the 4-wk study. Although the histologic changes were not assessed quantitatively, hypophysectomy appeared to result in decrease in trabecular bone mass and growth plate width. Growth hormone administration appeared to increase growth plate width and bone volume in the primary and secondary spongiosa areas. 1OHD administration prevented trabecular bone loss in the secondary spongiosa.
DISCUSSION
The main purpose of this study was to determine whether the administration of GH and 1OHD together had a more beneficial effect on the long bones in HX rats than the administration of either agent alone. Our results confirm our previous findings that HX not only results in cessation of bone growth in length, circumference, and size but also results in a significant decrease in BMC and BMD (25, 26) . It also confirms that GH treatment completely prevented the loss of cortical bone mass by markedly increasing periosteal bone formation, ameliorating the increase of endocortical bone turnover, increasing the femoral bone length, and femoral bone area in HX rats and improved the femoral BMC and BMD, but not to the extent as in intact control and was unable to fully restore the trabecular bone mass as evident by the histomorphometric data (3).
It is well known that there is a difference in bone growth, modeling, and remodeling in cortical and trabecular bone. Typically, bone growth and modeling improves new bone formation on the bone surface without prior resorption, whereas bone remodeling either conserves or removes the bone in contact with the marrow cavity. In young growing rats, periosteal and new bone formation occurs in the primary spongiosa beneath the growth plate without prior resorption and mainly undergoes modeling, whereas bone remodeling predominates at the trabecular and endocortical surface area. Thus, the findings that GH increased periosteal bone formation, longitudinal growth, and new bone formation beneath the growth plate suggests that GH may enhance bone growth and new bone formation through the activation of bone modeling in HX rats. Therefore, the partial increase in trabecular BV/TV % measured in the secondary spongiosa after GH treatment could be mediated by the increase in chondrocyte elongation and the new bone expansion. Conversely, GH increases metaphyseal trabecular and endocortical bone formation without enhancing resorption, as measured by the osteoclast cell number per bone area and erosion surface indicating that growth hormone increases net bone formation at both sites that predominantly undergo coupled formation and resorption in the skeleton in the HX rats. Consequently, the use of agents with antiresorptive properties in combination with anabolic agent like GH should be helpful in enhancing the net bone formation, and antiresorptive agent would be helpful in suppressing bone resorption, although improving the net bone gain (33) (34) (35) (36) (37) . Results of bone density, trabecular and cortical bone mass, and the dynamic histomorphometry of the current study demonstrate that the combined intervention of GH and 1OHD has a benefit of increasing bone growth, elongation, and also preventing bone loss better than the treatment with either agent alone in the animals with pituitary hormone deficiency. Different groups have published comparison studies with GH and other anabolic agents like PTH and antiresorptive agents like estrogens, bisphosphonates in HX animal models, but these combinations failed to fully restore the trabecular bone to the level of intact animals (26 -30) . There are several reports about the antiresorptive action of 1OHD on bone metabolism on OVX rat models; there are also reports about the anabolic actions of this metabolite (37-41). Iwamoto et al. and Li et al. observed an antiresorptive action of 1OHD in aged OVX Sprague-Dawley model when using a low dose (0.05-0.1 g/kg) whereas an anabolic action occurred if the dosage was increased to 0.15-0.2 g/kg or higher (38 -40) . In our study, the dose of 1OHD used was 0.25 g/kg/d, equivalent to the range of high dose used by Li et al. and Iwamoto et al ., yet, we did not observe enhancement in the bone formation, including MAR, MS/BS, and BFR/BS, in HX rats. Instead, what we did observe was a decrease in the endocortical ES/BS in cortical bone and decrease in osteoclast number per bone area in the cancellous bone. This demonstrated only the antiresorptive action in our HX rat model. This discrepancy in the actions of 1OHD observed in our model could be due to lack of other pituitary hormone in HX rats, differences in the age and type of animal model, or a dosage effect. As expected, our current data demonstrates that without GH, 1OHD treatment alone has no effect on femoral length, proximal tibial longitudinal growth, and periosteal BFR. 1OHD treatment does, however, suppress the endocortical resorption and trabecular bone turnover, and hence improving the BMC and BMD suggesting that the effect of 1OHD in the HX rats is suppression of bone remodeling. The beneficial effect of 1OHD on bone could be secondary to increase in intestinal calcium absorption and changes in PTH because D-hormone can reduce serum PTH levels (16) and block parathyroid gland proliferation and secretion (42, 43) . Conversely, there is also evidence that 1OHD could have direct suppression of osteoclastogenesis in vivo by decreasing the pool of osteoclast precursors in bone marrow (44) . It has also been proven in parathyroidectomized rats under constant PTH infusion that 1OHD exerts a direct anabolic effect on bone mass independent of calcium absorption and PTH suppression (37) . The current finding of suppressive effect of 1OHD on bone resorption in the HX rats could be because of both direct and indirect effect.
The results of our study demonstrated that the group given the combination of GH and 1OHD, the improvement in the cortical area % and absolute cortical area in size are mediated primarily by GH, stimulating periosteal and endocortical bone formation rate. Whereas the group given just 1OHD, resulted in a decrease in endocortical and trabecular bone resorption, as indicated by the erosion surface and osteoclast number. However, the net bone gain ultimately was not better than either treatment alone.
In conclusion, the combination of GH and 1OHD treatment, the trabecular BV/TV and cortical area % were not significantly improved. It appears that GH and 1OHD have a differential effect on bone metabolism. GH increases periosteal, endocortical, and trabecular bone formation rate. Although 1OHD had no effect on periosteal bone formation, but it did suppress the endocortical and trabecular bone turnover rate. Further studies are needed to assess the effects of different dosages of 1OHD, in combination with GH, on bone metabolism in young HX animals.
